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ABSTRACT
We examine radiation-regulated accretion onto intermediate-mass and massive black holes (BHs) embedded
in a bulge component. Using spherically symmetric one-dimensional radiation-hydrodynamics simulations, we
track the growth of BHs accreting from a cold, neutral gas reservoir with temperature T∞ = 104 K. We find
that the accretion rate of BHs embedded in bulges is proportional to rB,eff/rB, where rB,eff is the increased
effective Bondi radius that includes the gravitational potential of the bulge, and rB is the Bondi radius of the
BH. The radiative feedback from the BH suppresses the cold accretion rate to ∼ 1 percent of the Bondi rate
when a bulge is not considered. However, we find that the BH fueling rate increases rapidly when the bulge
mass Mbulge is greater than the critical value of ∼ 106 M and is proportional to Mbulge. Since the critical
bulge mass is independent of the central BH mass, the growth rate of BHs with masses MBH = 102, 104, and
106 M exhibits distinct dependencies on the bulge-to-BH mass ratio. Our results imply that light seed BHs
(. 102 M) which might be the remnants of the Pop III stars, cannot grow through accretion coevally with the
early assembly of the bulge of the host galaxies until the bulge reaches the critical mass. However, massive BH
seeds (& 105 M) that may form via direct collapse, are more likely to be embedded in a supercritical bulge
and thus can grow efficiently coupling to the host galaxies and driving the early evolution of the MBH − σ
relationship.
Subject headings: accretion, accretion disks – black hole physics – (cosmology:) early universe – galaxies:
bulges – hydrodynamics – radiative transfer
1. INTRODUCTION
The discovery of the brightest high redshift quasars in the
universe that are powered by 108–109 M black holes (BHs)
(Fan et al. 2001, 2003; Willott et al. 2003, 2010; Fan et al.
2006; Mortlock et al. 2011) poses a challenge for models of
black hole formation. How and when the initial seed black
holes form and their subsequent growth history to supermas-
sive BHs (SMBHs) at the centers of galaxies is an open prob-
lem. Recent observations of individual objects like the 13 bil-
lion M BH in the quasar detected at z = 6.3 (Wu et al. 2015)
makes the situation even more challenging to explain. Given
the nature of hierarchical build-up of structure in a LCDM
universe from initial density fluctuations, we can explain a
handful of extreme objects as outliers whose origin can be
associated with high-σ peaks in the density field with pecu-
liar and unusual growth histories (Natarajan & Treister 2009).
However, the discovery of populations of bright quasars at
progressively earlier epochs in the universe suggests that a
physical explanation is required, one that might work more
generally. With the growing number of discovered bright
quasars at z > 6, it is clear that we need a theoretical model
that can produce the progenitor seeds. The traditional expla-
nation was that the initial BH seeds are the remnants of the
first stars. Such scenarios for the formation of the seed BHs
have suggested that intermediate-mass BHs (IMBHs) with
MBH ∼ 102 M may have formed out of pristine gas as Pop-
ulation III star remnants in the early universe (Bromm et al.
1999; Abel et al. 2000; Madau & Rees 2001) or more mas-
sive IMBHs with MBH ∼ 104−5 M from direct collapse of
primordial gas (Carr et al. 1984; Haehnelt et al. 1998; Fryer
et al. 2001; Begelman et al. 2006; Johnson et al. 2012; Choi
et al. 2013; Yue et al. 2014; Aykutalp et al. 2014; Inayoshi
et al. 2015b) prior to any other structure formation. Alter-
natively, gravitationally unstable pre-galactic disks can give
rise to IMBH formation when the gas is only mildly metal-
enhanced (Lodato & Natarajan 2006; Omukai et al. 2008).
Or a primordial star cluster may form in the halo and this
crowded environment at the core can lead to the formation
of an IMBH up to ∼ 105 M (Devecchi & Volonteri 2009;
Davies et al. 2011; Katz et al. 2015) or to SMBH in high red-
shift galaxy mergers (Mayer et al. 2015).
Thus, the growth rate of IMBHs in the range 102–105 M
is essential to understand the formation and growth history
of seed BHs (Madau & Rees 2001; Volonteri et al. 2003;
Yoo & Miralda-Escude´ 2004; Volonteri & Rees 2005; Al-
varez et al. 2009; Natarajan 2011; Jeon et al. 2012). Fur-
thermore, radiative feedback from an early population of ac-
creting BHs can significantly impact the intergalactic medium
(Mack et al. 2007; Ricotti 2009), and the associated lumi-
nosities and spectra provide a potential observational signa-
ture of a high-redshift IMBH population. Studies thus far
have also provided clues to the origin of ultraluminous X-ray
sources (Krolik 2004; Ricotti & Ostriker 2004; Strohmayer
& Mushotzky 2009), the BHs at the centers of dwarf galax-
ies (Greene & Ho 2004; Reines et al. 2011, 2013; Baldassare
et al. 2015), and potential IMBHs at the centers of globular
clusters (e.g., Miller et al. 2014; MacLeod et al. 2015).
Standard accretion theory has difficulty in explaining the
rapid growth from the proposed seed BH masses to the masses
powering the observed bright quasars at high redshift (see
Natarajan 2011; Volonteri 2012, for a review). A brief pe-
riod of super-Eddington accretion is often invoked to jump-
start BH growth for light seeds. To compute the accretion
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2rate onto BHs, typically the Bondi accretion model (Bondi &
Hoyle 1944; Bondi 1952) is applied to estimate the gas mass
accreted from the surrounding medium. Feedback from this
accreting source also needs to be taken into account to esti-
mate realistic accretion rate, and the resultant luminosity of
the BH. The radiative feedback due to UV and X-ray photons
from the BH forms a hot bubble of gas in the vicinity regulat-
ing gas supply from large scales not only for BHs at rest (Park
& Ricotti 2011, 2012) but also for BHs in motion relative to
the gas (Park & Ricotti 2013). These earlier studies found that
the accretion rate drops dramatically to ∼ 1 percent of the
classical Bondi rate and becomes oscillatory as the ensuing
feedback self-regulates the accretion flow. This is due to the
fact that the gas supply into the Stro¨mgren sphere is regulated
on the scale of ionization front which is much larger than the
Bondi radius. The hydrodynamic structure of the Stro¨mgren
sphere changes constantly due to this self-regulation mecha-
nism. However, it is pressure equilibrium across the ioniza-
tion front that holds the key to understanding this suppression
of the accretion rate. This more physically realistic treatment,
resulting in extremely low accretion rates, makes it even more
challenging to explain the rapid growth of the seed BH to a
few billion M at high redshift when the universe was less
than 1 Gyr old. Our current understanding of the initial seed
BH formation makes it difficult to explain the 4–7 orders of
magnitude growth within that short timescale.
Locally we find that the masses of central BHs in galaxies
are tightly correlated to properties of the bulge component. A
correlation between BH mass and bulge velocity dispersion -
the MBH − σ relation appears to hold over many decades in
BH mass (Magorrian et al. 1998; Ferrarese & Merritt 2000;
Tremaine et al. 2002). Observations thus reveal that BH prop-
erties are closely related to several properties of their host
galaxies. Several models have been proposed to explain the
driving cause for this correlation via energy or momentum-
driven feedback from the central BHs. In these models, the
feedback acts as a thermostat regulating BH growth rate and
the star formation rate of the host galaxy (Silk & Rees 1998;
King 2003; Murray et al. 2005; Springel et al. 2005; Ostriker
et al. 2010).
An alternative explanation may be that the host galaxies
drive the central BH masses by regulating gas supply required
for their growth. In this event, it is important to understand
how the BHs respond to the gas supply since the feedback-
regulated accretion is the key for BH growth. The associated
feedback eventually affects the properties of the host galaxies
as a result. It is clear that we need to understand the interplay
of the entire growth cycle of BHs and their host galaxies.
In this paper, we focus on the role played by the proper-
ties of the bulge in modulating the accretion rate onto the BH.
As noted above, within the idealized Bondi accretion regime,
BH growth is highly suppressed by radiative feedback, there-
fore it is necessary to explore other physical scenarios that
can potentially boost the accretion rate. Note that the phys-
ical scale of the Bondi radius of a BH is many orders of
magnitude smaller than typical galactic scales, being ∼ 1 pc
for MBH = 104 M and T = 104 K gas while the average
Stro¨mgren radius is ∼ 10 pc (Park & Ricotti 2011, 2012).
This implies that BHs can therefore only accrete gas from
within the compact region - accretion radius - that is heated by
the radiation emitted by the BH. The idealized Bondi problem
setup assumes that the gravitational potential is determined
only by the BH. Here, we examine the role of the other com-
ponents that contribute to the gravitational potential near the
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FIG. 1.— Sketch of BH accretion regimes as a function of BH mass MBH
and gas density nH,∞. Solid line shows the Eddington-limited Bondi recipe
where Eddington-limited (above the line) or Bondi accretion (below) rates
are applied for a given MBH and nH,∞ for η = 0.1 and T∞ = 104 K.
Two distinct regimes of Mode-I and Mode-II accretion for a given MBH and
nH,∞ are shown (Park & Ricotti 2012). With increasingMBH or nH,∞, the
accretion onto the BH reaches the super-Eddington regime. The switch from
Mode-II to super-Eddington regime in the top right corner is an approximate
estimation from Park & Ricotti (2012).
BH such as a spheroidal stellar bulge. Seed BHs at the centers
of galaxies do not gravitationally interact with the gas on the
larger galactic scales although the bulge and dark matter halo
may play an important role in delivering gas from large scales
to the sub-pc scales near the BHs.
The main goal of this paper is to explore how the extended
mass distribution around a BH alters the feeding rate of the
first BHs. We investigate the fate of a range of seed BH
masses (102 − 106 M), that are embedded in a neutral cold
(T∞ ∼ 104 K) medium. Cold accretion might be more rel-
evant to the growth of seed BHs in the early universe when
the first galaxies start to build up their stellar mass. We gen-
eralize the results to accretion from a hot-ionized medium
(T∞ ∼ 106 K) for simulations without radiation feedback. In
section 2, we derive new scaling relationships for the gener-
alized Bondi problem including an extended bulge mass pro-
file and describe our numerical techniques. In section 3, we
present the simulation results and discuss the results and im-
plications in section 4.
2. METHODOLOGY
2.1. Eddington-limited Bondi accretion
The classical approach adopted to estimate the accretion
rate of a BH is to compute the Bondi rate and apply the Ed-
dington limit while considering the radiation from the BH.
The Bondi radius is defined as rB ≡ GMBH/c2s,∞ where cs,∞
is the sound speed of the gas. At the Bondi radius, the grav-
itational potential energy of gas equals the thermal energy of
the gas, and thus the gas within rB is accreted to the BH. The
Bondi accretion rate can be expressed as a function of BH
massMBH, ambient gas density ρ∞, and sound speed cs,∞ of
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FIG. 2.— Gravitational potential energy Φ with a bulge component as a function of radius for MBH = 102 M (left) and MBH = 105 M (right). The scale
radius a for a given bulge mass is adjusted so that the mass density is fixed within a. The radii are normalized by the BH mass and the gravitational constant
G = 4.3× 10−3 pc M−1 (km s−1)2 is used for Φ. The horizontal dotted lines indicate the gas energy for T = 104 K and 106 K. The intersection of Φ and the
gas energy is analogous to Bondi radius within which the gravitational energy dominates over the gas energy. Note that the effective Bondi radius as a function
of bulge mass changes as a function of BH mass and gas temperature.
the gas as
M˙B = 4piλBρ∞
G2M2BH
c3s,∞
(1)
where λB is the dimensionless accretion rate as a function of
the equation of state (P ∝ ργ). The factor λB ranges from
e3/2/4 for an isothermal gas (γ = 1) to 1/4 for an adiabatic
gas (γ = 5/3). The Eddington luminosity is defined as the
maximum accretion rate for a BH with MBH considering the
radiation from the BH and expressed as
LEdd = 4piGMBHmpcσ
−1
T (2)
where mp is the proton mass, σT is the Thompson cross sec-
tion, and c is the speed of light. The regimes where the Bondi
accretion or Eddington-limited accretion occur can be found
by comparing M˙B and LEdd/(ηc2) where η is the radiative
efficiency. For the case without radiative feedback from the
growing BH, assuming η = 0.1 and T∞ = 104 K the two
regimes are separated by MBHnH,∞ = 4 × 106 Mcm−3
shown as a solid line at the bottom left corner of Figure 1.
2.2. Radiation-regulated accretion: Mode-I and II
When the radiative feedback from the growing BH is taken
into account, the accretion rate is suppressed and displays
a highly oscillatory behavior (Milosavljevic´ et al. 2009; Li
2011; Park & Ricotti 2011, 2012). Park & Ricotti (2012) find
that two distinct types of oscillations are expected depending
on the values of MBH and nH,∞, which are separated by a
dot-dashed line shown in Figure 1. In Mode-I accretion, the
thermal pressure gradient dominates over the gravity inside
the Stro¨mgren sphere, and bursts of accretion are driven by
the collapse of neutral gas once the gas inside the Stro¨mgren
sphere is depleted. On the other hand, the oscillation of ac-
cretion rate in Mode-II is driven by density waves from the
ionization front. The transition between Mode-I (strong) os-
cillation with an accretion rate of ∼ 1 percent of Bondi rate to
Mode-II (mild) oscillation with Eddington-limited rate occurs
approximately at
MBHn
cr
H,∞ ∼ 5× 108 M cm−3 (3)
where ncrH,∞ is the critical density for a given BH mass MBH.
Note that the Eddington-limited accretion regime including
radiation feedback is found at higher MBH and nH,∞ com-
pared to the conventional Eddington-limited Bondi accretion
criteria shown in Figure 1 as a solid red line.
The behavior of the accretion rate is expected to make an-
other transition at extremely high densities, large values of
nH,∞ for a given MBH, when the oscillatory behavior weak-
ens and the radiative feedback is no longer able to regulate
gas accretion. This super-Eddington or hyper-accretion (e.g.,
Ohsuga & Mineshige 2011; Jiang et al. 2014) regime occurs
when the accretion far exceeds the Eddington rate. The dot-
ted line in Figure 1 is an upper boundary for Mode-II ac-
cretion covered in Park & Ricotti (2012) assuming η = 0.1.
With increasing density for a given BH mass (moving upward
in Figure 1) or increasing BH mass for a fixed gas density
(moving to the right in Figure 1), the accretion is expected
to make a transition from the “feedback-dominated” to the
“feeding-dominated” regime (e.g., Pacucci et al. 2015). In-
ayoshi et al. (2015a) also explore a critical accretion regime
choosing a photon trapping model motivated by Begelman
(1979). They derive the hyper-accretion regime using the in-
stability of the ionization front (Park et al. 2014a) when the
scale of the photo-ionized region becomes smaller the Bondi
radius. Of course, physical conditions in the early universe do
permit super-Eddington accretion under certain specific cir-
cumstances, as recently pointed out by Alexander & Natara-
jan (2014) when a light BH seed captured in a dense nuclear
star cluster bounces around as it accretes.
2.3. Generalized Bondi accretion with a bulge component
We now describe the accretion onto a BH surrounded by
a bulge component whose gravitational potential we now in-
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FIG. 3.— Effective Bondi radius as a function of bulge-to-BH mass ratio δbulge−BH for MBH = 102, 103, 104, 105, and 106 M. Left panel shows rB,eff
for cold gas with T∞ = 104 K and right panel shows rB,eff for hot gas with T∞ = 106 K.
clude to derive an analog to Bondi accretion. To calculate the
modified Bondi radius, we model the radial profile of the stel-
lar distribution with a Hernquist (1990) profile. And the cor-
responding gravitational potential can be described in terms
of the total bulge mass Mbulge and the scale length a as
Φbulge(r) = −GMbulge
r + a
(4)
where the enclosed mass within the radius r is m(r) =
Mbulger
2(r + a)−2. The mean density within the scale ra-
dius a is then obtained as
ρ¯∗ (r < a) =
3m(a)
4pia3
=
3Mbulge
16pia3
. (5)
For a given bulge mass, we keep the same density within
the scaling radius a by applying a = a0(Mbulge/M)1/3.
The Milky Way for instance has a bulge mass Mbulge ∼
1010 M with scale radius aMW ∼ 800 pc and the DM halo
mass MDM ∼ 1012 M (Dwek et al. 1995; Widrow & Du-
binski 2005; Kafle et al. 2014). The average stellar den-
sity within the scale radius for the MW is estimated to be
∼ 1 Mpc−3. Here we use a0 = 0.23 pc which corresponds
to ρ¯∗ ∼ 5.2 Mpc−3. The ρ¯∗ is obviously a free param-
eter, however note that a0 is not very sensitive to ρ¯∗ since
a0 ∝ ρ¯∗−1/3 for a given bulge mass.
We define the effective Bondi radius rB,eff as
GMBH
rB,eff
+
GMbulge
rB,eff + a
≡ c2∞ (6)
where the left side of the equation is the magnitude of the
gravitational potential per unit mass due to the BH and bulge
component, whereas the right side represents the thermal en-
ergy of the gas per unit mass. Figure 2 shows the magnitude
of the combined gravitational potential Φ. The horizontal dot-
ted lines indicate the specific thermal energy of cold gas with
T∞=104 K and hot gas with T∞ = 106 K more appropriate
for massive halos (McKee & Ostriker 1977; Springel & Hern-
quist 2003; Pelupessy et al. 2007). Its intersection with Φ for
various values of δbulge−BH ≡ Mbulge/MBH is the solution
for the effective Bondi radius rB,eff . The solution for the ef-
fective radius in turn can be obtained as
rB,eff
rB
= 0.5×[
δbulge−BH + 1− a′ +
√
(a′ − 1− δbulge−BH)2 + 4a′
]
(7)
where the radii are normalized by the Bondi radius as a′ ≡
a/rB and δbulge−BH is defined as the bulge-to-BH mass ratio
Mbulge/MBH.
Figure 3 shows the effective Bondi radius normalized by
the Bondi radius rB,eff/rB for different BH masses 102, 103,
104, 105, and 106 M. For cold gas with T∞ = 104 K (left
panel), the rB,eff/rB for light BHs with MBH = 102 M
does not increase significantly for δbulge−BH . 103 whereas
rB,eff/rB for the massive IMBH withMBH & 105 M mono-
tonically increases with δbulge−BH. This implies that the ac-
cretion onto various BH masses is affected differently with
the same δbulge−BH since the gas within rB,eff is pulled in to
the BH by the enhanced gravitational potential.
2.4. Critical Bulge Mass
From Equation (7), as illustrated in Figure 3, it is ev-
ident that there exists a critical bulge mass above which
rB,eff/rB transitions from unity to being linearly proportional
δbulge−BH: thus from the BH Bondi radius to what we now
term the “bulge” Bondi radius.
The critical value of the bulge mass can be derived from
Equation (7) noting that a′ ≡ a/rB = Cδbulge−BH, where
C = [a0/rB(1 M)](Mbulge/1 M)−2/3, and the transi-
tion between rB,eff/rB of unity to δbulge−BH happens roughly
when C = 1, i.e., when
a = rBδbulge−BH =
GMbulge
c2s,∞
. (8)
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FIG. 4.— Density (top), temperature (middle), and radial velocity (bot-
tom) as a function of radius for simulations (M6N1T6NR) without radiative
feedback for MBH = 106 M, nH,∞ = 10 cm−3, T∞ = 106 K, and
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ity at large radius increases as a function of δbulge−BH, however the ve-
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δbulge−BH . 102, but shows an enhancement at δbulge−BH = 103 which
is consistent with the behavior of rB,eff for T∞ = 106 K in Figure 3.
Setting C = 1, we derive the critical bulge mass at which the
gas accretion rate onto the BH transitions from the case of an
isolated BH to being force-fed by the bulge:
Mbulge,crit ∼
4× 105 M
(
T∞
104 K
)3/2(
ρ¯∗
5.2 Mpc−3
)−1/2
.
(9)
Figure 3 shows that the value of δcrit ≡ Mbulge,crit/MBH
above which the rB,eff shows a linear relationship with
δbulge−BH is δcrit ∼ 4000 for 102 M BHs, δcrit ∼ 400
for 103 M BHs, and δcrit ∼ 40 for 104 M BHs. This is
indeed what was expected if there is a critical bulge mass
Mbulge,crit ∼ 4 × 105 M as given by Equation (9) for
T∞ = 104 K . For hot gas with T∞ = 106 K which is more
typical of the hot virialized gas in massive ellipticals or the
hot ionized medium in the ISM, rB,eff/rB for various BH
mass is shown in the right panel of Figure 3. Note that the
rB,eff/rB for a given BH mass for hot gas with Thot matches
the case for lower BH massMBH(Tcold/Thot)3/2, as in Equa-
tion (9). For example, the value of rB,eff for MBH = 106 M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and T∞ = 106 K matches the one for MBH = 103 M and
T∞ = 104 K.
2.5. 1D Radiation-hydrodynamic Simulations
Radiation-hydrodynamic simulations are a useful tool to in-
vestigate the complex interplay between accretion flows and
radiative feedback in the modified Bondi problem with a
bulge component. In this section, we describe the numerical
procedures used in our study. We run a set of 1D radiation-
hydrodynamics simulations using ZEUS-MP (Stone & Nor-
man 1992; Hayes et al. 2006) with a radiative transfer equa-
tion solver (Ricotti et al. 2001). We use a spherical coordinate
system with a BH centered at r = 0 applying an operator-
splitting method between hydrodynamic and radiative trans-
fer calculations. At the minimum radius, we use the mass flux
(M˙BH) to define the BH luminosity as Lbh = ηM˙BHc2. We
apply a power-law spectrum Fν ∝ ν−α where α is the spec-
tral index for BH radiation in the energy range from 13.6 eV
to 100 keV and α = 1.5 is used. Our radiative transfer sub-
routine calculates photo-heating, photo-ionization, radiation
pressure, and gas cooling. Compton heating is neglected in
this study since the effect is not significant when the inci-
dent spectrum is soft in high accretion rate regime (Park et al.
2014b).
The basic setup of the current work is similar to the previous
works (Park & Ricotti 2011, 2012), but we add a bulge com-
ponent to the gravitational potential (see section 2.3). Differ-
ent pairs of values for MBH and nH,∞ are selected, but we
keep MBHnH,∞ = 107 Mcm−3, so that the we can separate
the effect of the bulge on the growth history of different BH
seed masses. Simulations with the same value of MBHnH,∞
show qualitatively similar results in terms of the accretion
rate normalized by the Bondi rate and the period of oscilla-
tion when normalized byMBH. Also, our assumption ensures
6TABLE 1
SIMULATION PARAMETERS
MBH nH,∞ T∞
ID (M) (cm−3) (K) γ Rad Feedback δbulge−BH
M6N1T4NR 106 101 104 1.2 No 0, 101, 102, 103, 104
M6N1T6NR 106 101 106 1.2, 4/3, 1.4 No 0, 101, 102, 103, 104
M2N5 102 105 104 5/3 Yes 0, 3, 10, 30, 102, 3× 102, 103, 3× 103, 104
M4N3 104 103 104 5/3 Yes 0, 3, 10, 30, 102, 3× 102, 103, 3× 103
M6N1 106 101 104 5/3 Yes 0, 3, 10, 30, 102, 3× 102, 103
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FIG. 6.— Accretion rates as a function of time for various bulge-to-BH mass ratios δbulge−BH. Dashed lines show the mean accretion rates if the accretion is
oscillatory or asymptotic values otherwise. Top panels show the simulations for M2N5, middle panels show M4N3, and bottom panels show M6N1. For various
δbulge−BH, M2N5 dose not show significant change as a function of δbulge−BH. For M4N3, due to the increased effective Bondi radius rB,eff the accretion
rate increases as a function of δbulge−BH when δbulge−BH & 102. For M6N1, the accretion rate increases when δbulge−BH & 1.
that the growth timescale of BHs accreting at the Bondi rate,
MBH/M˙B ∝ MBHnH,∞, is kept constant in all simulations
with different BH masses. Simulation parameters are listed in
Table 1. M2N5, M4N3, and M6N1 are simulations with radia-
tive feedback for BHs with 102, 104, and 106 M and keep-
ing the same MBHnH,∞. M6N1T4NR and M6N1T6NR are
simulations without radiative feedback for MBH = 106 M,
10 cm−3, and T∞ = 104 K and 106 K, respectively.
3. RESULTS
3.1. Generalized Bondi Accretion without Radiative
Feedback
Figure 4 shows the density (top), temperature (middle), and
radial velocity of the gas (bottom) as a function of radius
for simulations M6N1T6NR without radiative feedback with
γ = 1.2 and MBH = 106 M accreting from a gas with tem-
perature T = 106 K. The radial profiles have reached steady
state accretion and the different colored lines (see legend) re-
fer to different bulge masses: δbulge−BH = 101, 102, and
103 (i.e., Mbulge = 107, 108, and 109M). The density and
temperature profiles do not change until Mbulge . 108, but
display an enhancement at Mbulge = 109, that is consistent
with Mbulge,crit in Equation (9) for T∞ = 106 K and with
Figure 3.
The change of accretion rate observed when Mbulge >
Mbulge,crit for the simulation without radiation feedback ap-
pears to be dominated by an increase in the density produced
by the presence of the bulge component. While the velocity
near the BH is not altered as shown in Figure 4. The central
temperature rises mildly, reducing by the same magnitude of
the Bondi radius. Therefore the dominant effect that causes
an increase in the accretion rate is the enhanced density near
the Bondi radius of the BH.
We find that the accretion rate is M˙B if Mbulge ≤
Mbulge,crit and increases as
M˙BH ∼ M˙B Mbulge
Mbulge,crit
, (10)
for Mbulge > Mbulge,crit. Figure 5 shows accretion rates as a
function of the bulge mass for a set of simulations of 106 M
BHs without radiative feedback but with different values for
γ, the temperature of the gas, and density of the bulge (see
simulations M6N1T4NR and M6N1T6NR in Table 1). We
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FIG. 7.— Time-averaged hydrogen number density (top), temperature
(middle), and radial velocity (bottom) profiles as a function of radius for
MBH = 10
6 M and nH,∞ = 10 cm−3 simulations. For vr , solid line is
inflow while outflow is shown as dotted. Different colors show the runs with
δbulge−BH = 101, 102, and 103, respectively. Vertical dashed lines show
the time-averaged mean size of the Stro¨mgren sphere for each simulation.
Diamonds in the top panel from left to right indicate rB,eff for simulations
with δbulge−BH = 101, 102, and 103, respectively. Note that rB,eff for
δbulge−BH = 101 is comparable to the mean size of the Stro¨mgren sphere.
As the δbulge−BH increases, the rB,eff becomes larger than the Stro¨mgren
radius.
find that Equation (9) and (10) accurately describe the accre-
tion rate from the simulations: the accretion rate remains con-
stant when Mbulge ≤ Mbulge,crit (δbulge−BH ≤ δcrit) while
it increases linearly with Mbulge for Mbulge > Mbulge,crit
(δbulge−BH > δcrit). As mentioned in section 2.3, simula-
tions with a lower stellar density ρ¯∗ ∼ 1 Mpc−3 (shown as
small squares and triangles) do not show a significant differ-
ence from simulations with ρ¯∗ ∼ 5.2 Mpc−3 since the bulge
scale length a is not very sensitive to ρ¯∗.
3.2. Generalized Bondi Accretion with Radiative Feedback
Figure 6 shows accretion rates as a function of time for
δbulge−BH = 0, 101, 102, and 103 for simulations M2N5
(MBH = 100 M, top panels), M4N3 (MBH = 104 M,
middle panels), and M6N1 (MBH = 106 M, bottom pan-
els). The mean accretion rates are shown as dashed lines
in each panel. These 3 sets of simulations share the same
value of MBHnH,∞ and T∞ = 104 K, thus have the same
growth timescale and the same oscillatory behavior in ab-
sence of the bulge component (first columns). However, in-
cluding the effect of various bulge masses the accretion be-
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FIG. 8.— Average accretion rates normalized by Bondi rate for simulations
M2N5 (circles), M4N3 (squares), and M6N1 (hexagons). Average accretion
rate increases as a function of δbulge−BH when δbulge−BH & δcrit while
accretion rate remains the same when δbulge−BH . δcrit for all simula-
tions. Since δcrit is small (∼ 1) for M6N1, the average accretion rate always
increases with increasing bulge mass δbulge−BH. On the other hand, the ac-
cretion rate does not increase as a function of of δbulge−BH for M2N5 since
δcrit is large (∼ 104).
havior displays significant differences. For a 102 M BH
(M2N5), the assumed δbulge−BH produces negligible effects.
The accretion shows oscillatory behavior for the entire range
of Mbulge shown here (Mbulge ≤ 105 M) and the mean
accretion rate does not change significantly. Therefore, the
presence of a bulge with Mbulge ≤ 105 M does not alter
the growth rate of light seed BHs. On the other hand, the
accretion onto a 104 M BH shows a transition from oscil-
latory behavior for Mbulge . 106 M to quasi-steady state
accretion for Mbulge & 107 M. The transition occurs at a
smaller bulge-to-BH ratio δbulge−BH & 102 for a 106 M BH
(M6N1), corresponding to Mbulge & 108 M. Therefore, to
zeroth order, the effect of the bulge on the mean accretion rate
for the case with radiation feedback appear to be fairly sim-
ilar to what we found in the case neglecting radiation feed-
back. However, the transition from oscillatory behavior to
steady accretion happens for somewhat larger bulge masses
than Mbulge,crit = 106 M when radiative feedback is in-
cluded and is mildly dependent on δbulge−BH. By increasing
the bulge mass, the accretion onto BHs transitions from a duty
cycle of ∼ 6% found for Mode-I (Park & Ricotti 2012) to a
100% duty cycle where the accreting BH is always ”on”.
Figure 7 shows the time-averaged density (top), tempera-
ture (middle), and radial velocity (bottom) profiles as a func-
tion of radius for MBH = 106 M (run M6N1) with dif-
ferent bulge masses Mbulge = 107, 108, and 109 M (i.e.,
δbulge−BH = 101, 102, and 103). The density inside the
Stro¨mgren radius increases linearly with increasing Mbulge
whereas the temperature profile only shows a minor change
of slope. The slope of the temperature profile becomes flatter
due to the enhanced density with increasing δbulge−BH return-
ing a consistent result with previous works [e.g., see Figure 8
of Park & Ricotti (2011)]. The vertical dashed lines indicate
the average location of the ionization front (i.e., Stro¨mgren
radius). The radial velocity profiles also show differences.
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FIG. 9.— Timescales for BH masses MBH = 102 (circles), 104
(squares), and 106 M (hexagons) to double the initial mass as a function
of δbulge−BH. Salpeter (or e-folding) timescale for η = 0.1 accreting at
Eddington rate is shown as a dashed line.
In general, the magnitude of the radial velocity increases as
a function of Mbulge. For Mbulge = 107 M, outflows are
clearly seen in the outer part of the Stro¨mgren sphere (shown
as a dotted line), indicating that the oscillatory accretion rate
due to the gas depletion inside the Stro¨mgren sphere is still
occurring. However, the outflow weakens with increasing
Mbulge, leading to a steady accretion rate. Similar to the case
without radiation feedback the increase of the accretion rate is
dominated by the increase in the gas density near the Bondi ra-
dius of the BH. The oscillations instead appear to cease when
rB,eff becomes larger than the Stro¨mgren radius.
Figure 8 shows accretion rates normalized by the Bondi rate
for 100 M BHs (runs M2N5, circles), 104 M BHs (runs
M4N3, squares), and 106 M BHs (runs M6N1, hexagons).
The overall accretion rate when radiation feedback is included
is about 1 percent of the Bondi rate, but the dependence on
Mbulge is similar to the case without radiation feedback (see
Figure 5). Due to the increased effective accretion radius
when Mbulge & Mbulge,crit, the accretion rate increases as
M˙BH ∝ Mbulge/Mbulge,crit (shown as a solid line). For
106 M BHs (runs M6N1), the accretion rate increases as
approximately Mbulge for Mbulge & 106 M, but again at
a rate of 1% compared to the simulations without radiative
feedback. At Mbulge ∼ 107 M the oscillations are still
present, but for Mbulge ∼ 108 M the accretion rate becomes
steady and approaches M˙B ∼ M˙Edd and goes beyond the
Eddington rate at Mbulge ∼ 109 M. This suggests a possi-
bility of the hyper-Eddington accretion regime, however this
work does not establish an upper limit on such high accretion
rates (e.g., Inayoshi et al. 2015a). For the runs with smaller
mass BHs (runs M4N3) the same trend of the accretion rate
M˙BH ∝Mbulge/Mbulge,crit is found. However, probably due
to the sharper transition of rB,eff from rB to δbulge−BHrB as
δbulge−BH is increased, the oscillations are damped closer to
Mbulge ∼ 107 M.
Figure 9 shows the timescales for BH masses with MBH =
102, 104, and 106 M to double the initial mass as a func-
tion of δbulge−BH. The horizontal line shows the Salpeter
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MBH (M¯)
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105
106
107
108
n
H
 (
cm
−3
)
Mode-I 
(~1% of Bondi accretion & Strong Oscillation)
Mode-II
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FIG. 10.— Accretion regimes as a function of MBH and nH,∞. Sym-
bols show the shift of accretion regime (from bottom to top) due to the
enhanced density as a function of δbulge−BH for BH masses 102, 104,
and 106 M. For each BH mass, symbols with different sizes show
δbulge−BH = 0, 101, 102, and 103 from bottom to top. Symbols marked
with crosses indicate non-oscillatory cases.
(1964) (or e-folding) timescale when η = 0.1 and L = LEdd
are assumed. For a BH mass MBH = 102 M, the accre-
tion timescale is ∼3 Gyr with no apparent dependence on
δbulge−BH. On the other hand, the accretion timescale for
MBH = 10
6 M is inversely proportional to the bulge mass
as MBH/M˙BH ∝ (δbulge−BH + 1)−1. At δbulge−BH ∼ 102,
the accretion timescale for MBH = 106 M is similar to the
Salpeter timescale. For a BH mass MBH = 104 M, the ac-
cretion timescale does not shows a dependence on δbulge−BH
for δbulge−BH . 102 while it decreases with increasing
δbulge−BH with the similar slope for 106 M.
4. DISCUSSION AND SUMMARY
Accretion regimes as a function of MBH and nH,∞ ex-
plained in Figure 1 can be consolidated in presence of the
bulge for various BH masses. In Figure 10, the symbols
show the transitions between accretion regimes (from bottom
to top) due to the enhanced density as a function of δbulge−BH
for BH masses 102, 104, and 106 M. For each BH mass,
symbols with different sizes show δbulge−BH = 0, 101, 102,
and 103 from bottom to top. Note that for MBH = 106 M,
the density increases linearly with δbulge−BH, however the
density does not increase for MBH = 102 M because
Mbulge < Mbulge,crit ∼ 106 M in this case (T∞ = 104 K).
Symbols with crosses in Figure 10 indicate simulations which
do not show oscillations.
Although the accretion regime as a function of MBH and
nH,∞ in Figure 10 is successful in explaining the transition
of the accretion rates and overall oscillatory behavior pre-
sented in this work, however, the relative location of the
Stro¨mgren radius and effective Bondi radius also affects the
oscillatory behavior of the accretion. For example, a sim-
ulation with MBH = 106 M, nH,∞ = 10−2 cm−3, and
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δbulge−BH = 103 where the effective gas density is enhanced
to 10 cm−3 does not show the same oscillatory behavior as the
one withMBH = 106 M, nH,∞ = 10 cm−3 without a bulge.
This is due to the same argument explained in section 3.2 re-
lated to Figure 7 that rB,eff should be smaller than the average
Stro¨mgren radius for simulations to be oscillatory.
We have focused on accretion from a cold neutral gas reser-
voir, which might be the dominant medium in the first galax-
ies that form in the early universe. However, accretion onto
SMBHs in evolved galaxies is far more complicated since the
gas is multi-phase with a hot and a cold component, likely
produced by the star formation and the feedback from the
SMBH itself.
This is clearly a first step in understanding the role of the
galactic environment in feeding a seed BH at the center of a
galaxy: we have assumed accretion from a uniform density
medium and neglected angular momentum of the gas that is
clearly important for accretion from the disk in a disk galaxy
but is also likely important in elliptical and spheroidal galax-
ies (Ciotti & Ostriker 2007; Ciotti et al. 2009; Novak et al.
2011). In future work, the growth of seed BHs embedded
in various bulge sizes will be studied in realistic cosmological
simulations, guided by findings of these idealized simulations.
In this paper, we explore the role of bulge component
in radiation-regulated accretion onto seed IMBHs accreting
from cold and hot medium at the center of primordial galax-
ies in the early universe. Here we list our main findings.
• The presence of a massive bulge makes the effective
Bondi radius rB,eff increase approximately to rB,eff '
rBMbulge/MBH for Mbulge > Mbulge,crit while for
Mbulge < Mbulge,crit the bulge has no effect on the
accretion radius and the BH growth.
• Without radiative feedback, the accretion rate
onto the central BH increases as M˙BH =
M˙BMbulge/Mbulge,crit when Mbulge > Mbulge,crit.
This is due to the bulge gravitational potential force-
feeding the BH and enhancing the density of gas near
the Bondi radius by a factor Mbulge/Mbulge,crit.
• Including radiative feedback suppresses the accretion
rate to 1 percent of the Bondi rate, however a sim-
ilar dependence of the accretion rate on the bulge
mass M˙BH ∼ 1%M˙BMbulge/Mbulge,crit is found for
Mbulge > Mbulge,crit. The increased gas density near
the Bondi radius due to fueling from the bulge grav-
itational potential affects the periodic behavior of the
accretion rate that eventually becomes steady for bulge
masses between a few to 10 times Mbulge,crit.
• For accretion from a cold gas reservoir, a minimum
bulge mass (Mbulge ∼ 106 M) exists, above which
the effective Bondi radius is rB,eff/rB & 1, which is a
necessary condition to boost the BH fueling rate. This
might help understanding the low luminosity for the
BHs in small systems such as globular clusters or dwarf
galaxies. For such systems, the radiative feedback is ef-
fective in suppressing the accretion rate to 1 percent of
the Bondi rate.
• For the high mass end of IMBHs, BHs grow fast when
δbulge−BH & 1 meaning that the early development of
MBH − σ relationship might be a natural consequence
of radiation-regulated BH accretion at the centers of
galaxies along with the building of stellar bulge mass
profile.
• For the low mass end of IMBHs (MBH ∼ 102 M),
BHs are harder to grow since the accretion rate is close
to 1 percent of Bondi rate for δbulge−BH < δcrit ∼ 104.
Thus, assuming that the hosts of these small seed BHs
have initially δbulge−BH < 104 (Mbulge < 106 M
), the growth timescale for low mass IMBHs suggests
that light seed BHs, such as Population III remnants,
are not able to grow coevally with the bulge. On the
other hand, heavy BHs (MBH & 105 M) from direct
collapse can grow efficiently together with the bulge as
long as δbulge−BH & 1−10. This result has similar im-
plications about the fate of light and heavy seed BHs, as
the finding of Volonteri & Natarajan (2009) obtained in
models where the MBH − σ relation is driven by major
mergers.
In conclusion, for systems with the bulge masses larger than
critical (∼ 106 M ) the central BH transitions into a new ac-
cretion regime in which both the accretion rate and duty cycle
are maximized despite the presence of radiative feedback. In
this regime, the accretion rate onto the BH reaches and goes
beyond the Eddington rate. While this signals an exciting pos-
sibility of reaching the hyper-Eddington accretion regime, the
current work does not establish an upper limit on such high
accretion rates, a topic which will be explored in future work.
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